INTRODUCTION
The appropriate localization of proteins within the cell is critical for cell organization and development. The localization of membrane-associated and secreted proteins, which are destined for specific compartments in the cell, is achieved by the presence of signals in their polypeptide chains [1, 2] , whereas cytosolic proteins can be targeted either by protein signals [3] or by the recently discovered mechanism of mRNA localization [4, 5] . To date, the available evidence indicates that such mRNA localization to specific regions of the cell is due to targeting signals in their 3h-untranslated regions (3h-UTRs) [5, 6] . Furthermore, although it was thought for many years that cytosolic proteins were translated on free polysomes, there is now evidence for an anchorage of polysomes to the cytoskeleton of the cell [5] [6] [7] [8] . It has been suggested that this sorting of mRNAs could provide a mechanism by which proteins are localized close to their sites of function, and could therefore provide a critical mechanism in cell organization.
Some mRNAs are transported to the cell periphery, whereas others, including those encoding c-myc [9] and metallothionein (MT)-1 [10] , are found in the perinuclear cytoplasm and are associated with the cytoskeleton. Neither the functional role of perinuclear mRNA localization nor the consequences of loss of localization have been defined.
MTs are a family of low-molecular-mass metal-binding protein isoforms. Although considered mainly cytoplasmic, MT has been found localized in the nucleus of the cell under different physiological conditions. For example, during the G " -to-S-phase transition of the cell cycle or following metal toxicity, MT is found specifically in the nucleus [11] [12] [13] [14] . The function of MT in the nucleus remains unclear, but it may play a role in protecting exposure to oxidative stress and chemical agents was higher in cells expressing the native MT gene than in cells where MT localization was disrupted, or in untransfected cells. Also, MTMT cells showed less DNA damage than MTGSH cells in response to either hydrogen peroxide or mutagen. After exposure to UV light or mutagen, MTMT cells showed less apoptosis than MTGSH cells, as assessed by DNA fragmentation and flow cytometry. The data indicate that the perinuclear localization of MT mRNA is important for the function of MT in a protective role against DNA damage and apoptosis induced by external stress.
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against metal toxicity and the harmful effects of oxidative stress (for a review, see [15] ).
We have developed previously a transfected cell-culture model to study MT-1 mRNA localization and its role in protein distribution [14] . Chinese hamster ovary (CHO) cells were transfected with either the full-length MT-1 gene containing its endogenous 3h-UTR (MTMT cells) or the MT-1 5h-UTR and coding regions linked to the 3h-UTR of glutathione peroxidase (MTGSH cells). The cytosolic glutathione peroxidase 3h-UTR was chosen because this mRNA had previously been found in free polysomes, as opposed to cytoskeletal-bound polysomes [16] , and therefore we expected this 3h-UTR not to contain a localization signal. Indeed, this change in MT-1 3h-UTR led to the delocalization of the mRNA, with a loss of perinuclear localization and association with the cytoskeleton found in the native MTMT transcripts [10] . Furthermore, delocalization of MT-1 mRNA led to the delocalization of MT-1 protein and, particularly, to the loss of localization of this protein in the nucleus of the cells during the early S-phase of their cell cycle [14] .
In the present study, we used these same transfected cell lines to investigate the functional consequences of loss of perinuclear mRNA localization and the role of MT-1 in the nucleus. Our approach was to examine the role of MT-1 during oxidative stress and investigate the involvement of MT in protecting cells against DNA damage and apoptosis.
MATERIALS AND METHODS

Reagents
Diquat was a gift from Zeneca (Wilmington, DE, U.S.A.). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide 
Transfected cell lines
Two of the transfected cell lines used for this work have been described previously [17] . Briefly, MTMT cells were obtained by transfection of CHO cells with a vector containing the MT-1 fulllength gene inserted into the BamHI\ApaI sites of the polylinker region of pcDNA3. MTGSH cells consisted of the 5h-UTR and coding region of the MT-1 gene linked to the 3h-UTR of glutathione peroxidase; this construct was inserted into the BamHI\ NotI sites of the polylinker region of pcDNA3. One clone for each cell line was chosen so that both clones expressed the same amount of MT-1 protein and could therefore be compared directly. The level of cellular MT that we selected was comparable with constitutive levels, which we have measured in rodent liver. The objective was to investigate the function of physiological levels of MT, rather than examining the effect of MT overexpression, which may perturb cellular metabolism independently of the toxic substances selected for study.
IDIGSH cells, a control cell line, were obtained by transfection of CHO cells with a plasmid IDIGSH, corresponding to the 5h-UTR and coding region of the deiodinase type 1 linked to the 3h-UTR of glutathione peroxidase [18] , and were inserted into the BstXI\NotI sites of the polylinker region of pcDNA3. After transfection, clones were selected and assayed for their glutathione peroxidase mRNA level; one clone was selected that had a glutathione peroxidase mRNA level similar to that of the MTGSH clone already chosen.
Cell culture and transfection
CHO cells (European Collection of Animal Cell Cultures no. 85050302) were grown in Ham's F-12 modified medium supplemented with sodium bicarbonate (1.176 g\l), 10 % (v\v) fetal bovine serum (FBS), penicillin (50 units\ml), streptomycin (50 µg\ml) and amphotericin B (Fungizone; 2.5 µg\ml) at 37 mC in an atmosphere of 5 % CO # . When appropriate, cells were synchronized in the G ! phase of the cell cycle by culture in 0.5 % (v\v) FBS for 48 h. After serum deprivation, cells were returned to S-phase by adding back medium containing 10 % (v\v) FBS. Synchronization was assessed by [$H]thymidine incorporation [14] . Transfection of CHO cells was performed using AMINE4. Clones were selected by addition of 6-18 µl\ml G418.
MTT assay
Exponentially growing cells were resuspended in fresh medium and were seeded into 96-well plates at a seeding density of 1.5i10% cells\cm#. MTT assay was performed using the method of Mosmann [19] . Results shown are the means for four separate experiments.
Comet assay
Cells treated appropriately with stress-inducing agents were washed twice with PBS. The monolayer was detached using trypsin, and cells were collected and embedded in 1 % lowmelting-point agarose. The comet assay was performed according to the method of Collins et al. [20] .
In the case of exposure of cells synchronized in early S-phase to MNNG, the conditions used for the comet assay (40 µM MNNG for 24 h) had to be altered slightly from those used on unsynchronized cells. Indeed, it was impossible to expose the cells for 24 h to MNNG and still expect the cells to be in the S-phase of their cell cycle. Therefore it was decided to expose the cells to a higher concentration of the stress-inducing compound, but for a shorter time; hence, after synchronization, cells were incubated with 1 mM MNNG for 90 min at 37 mC; these parameters were consistent with earlier studies [12, 21] . H # O # treatment was carried out in the same conditions used for the study of DNA damage on unsynchronized cells; cells were exposed for 5 min to 150 µM H # O # . Quantification of DNA damage was carried out using the Komet software. This image analysis program calculates the intensity of 4,6-diamidino-2-phenylindole (' DAPI ') staining in the head and in the tail of the comet; the head represents the undamaged DNA, whereas the damaged DNA was accumulated in the tail of the comet. For each gel, 50 random cells were quantified in each replicate; cells had to be isolated from others and free of any fluorescent contaminant. A camera linked to the microscope captured the images for subsequent analysis.
Apoptosis
DNA fragmentation
After exposure to stress, cells left attached at the bottom of the dish were detached using trypsin, and then combined with cells floating in the medium; apoptosis was monitored using a SuicideTrack Kit. Cells were treated according to the manufacturer's instructions, leading to the isolation of apoptotic DNA from genomic DNA and other components of the cell. The fragments of apoptotic DNA were separated on a 1.5 % (w\v) agarose gel in 1iTAE buffer [50 mM acetic acid\0.4 mM Tris\acetate (pH 7.2)\10 mM EDTA] and visualized by staining the gel with 0.5 µg\ml ethidium bromide. Cells that had undergone apoptosis showed a classic ' ladder ' of fragmented DNA, with fragments corresponding to multimers of approx. 180-200 bp [22] .
Analysis of DNA fragmentation by flow cytometry
For each cell line, 3i10' cells\ml were subcultured into 90-mm dishes and left to grow before use as control cells or prior to exposure to stress-inducing agents at specific concentrations, for times appropriate to whichever drug was added. Samples were analysed in triplicate. The method used for detection of apoptotic cells depended upon the degradation of DNA occurring during apoptosis. This DNA fragmentation can be detected by flow cytometry as cells with a sub-G " DNA content. Hence quantification of this sub-G " peak by flow cytometry allows the quantification of the number of apoptotic cells in a population of cells.
Detection of DNA fragmentation by flow cytometry was on the basis of the method of Nicoletti et al. [23] . Briefly, treated and non-treated cells were collected and washed once in PBS. Following fixation in 70 % (v\v) ethanol, DNA was extracted in 192 ml of 0.2 M Na # HPO % \8 ml of 0.1 M citric acid, before being stained for 30 min with PI at room temperature (2 µg of PI\ml PBS and 200 µg\ml DNase-free RNase A). PI staining of DNA from 15 000 cells was monitored using a Becton-Dickinson FACS Calibur flow cytometer.
Statistical analysis
Means and standard errors were calculated from replicates within an experiment, and each experiment was repeated at least three times. Groups were compared using ANOVA; this test is based on the assumption that the populations have equal variance. This parameter was checked using Bartlett's test. When significant differences were found using ANOVA, a post-test was carried out : Bonferroni's multiple comparison test was used to compare several groups together, whereas Dunnett's test was used to compare single groups with a control group.
RESULTS
Cell survival using the MTT assay
Three of the cell lines used for this study have been described previously [14] . They consisted of native CHO cells (which have a low constitutive level of MT expression) and transfected CHO cells expressing either the 5h-UTR, coding region and 3h-UTR of the MT-1 gene (MTMT cells) or an MT-1 gene in which the endogenous 3h-UTR had been replaced by that from glutathione peroxidase (MTGSH cells). As shown previously and in Figure  1 , the distribution of MT was different in the two cell lines. Immunocytochemistry showed that, in unsynchronized MTMT cells, MT-1 was localized around the nucleus, whereas in MTGSH cells it was distributed throughout the cytoplasm with no specific localization. When MTMT cells were synchronized in S-phase of the cell cycle, MT-1 was found concentrated in the nucleus; this did not occur in synchronized MTGSH cells.
Clones were isolated for each cell line and one clone per cell line was chosen so that the two clones would express the same amount of MT protein (150 ng\mg of total protein, which is approx. 7-fold higher than in the untransfected CHO cells). Measurement of MT content in the cells was performed by radioimmunoassay. In addition, a fourth CHO cell line not expressing MT, but expressing deiodinase linked to the glutathione peroxidase 3h-UTR [18] , was used as a further control.
Cells were exposed to different doses of three stress-inducing compounds for 24 h. Cadmium chloride (Figure 2A ) and the alkylating agent, MNNG ( Figure 2B) , were used at concentrations ranging from 0 to 100 µM and the herbicide, diquat ( Figure 2C ), at concentrations ranging from 0 to 400 µM. For each cell line, the inhibitory concentration that affects 50 % of the cell population (IC &! ) was derived from the survival curves (Table 1) .
The IC &! obtained for each cell line revealed, in the three cases, a statistically higher resistance of the MTMT cells in response to stress compared with the three other cell lines (Table 1) . MTMT cells were significantly more resistant (P 0.01) to stress than the wild-type CHO cells and, moreover, were more resistant (P 0.05) than the MTGSH cells. However, no statistical difference was found between MTGSH cells and the parental CHO cells. Furthermore, the IDIGSH cells behaved in a similar way to the wild-type CHO cells, showing that neither the transfection step nor the overexpression of the 3h-UTR of glutathione peroxidase modulated the response of the cells to stress (Table 1) .
DNA damage
DNA damage in both wild-type and transfected CHO cells was then assessed in response to two different stress-inducing compounds, MNNG and hydrogen peroxide. The alkylating agent, MNNG, which is responsible for direct DNA damage by formation of single-strand breaks, was used at a concentration of 40 µM, a value close to the IC &! for all cell lines ( Figure 2B ). Cells were incubated with the stress-inducer for 24 h, in order to make direct comparisons with the MTT assay. The second stress-inducer used was hydrogen peroxide. This compound does not induce DNA damage by direct chemical attack of the molecule, but can create DNA damage via the formation of OHd radicals by the Fenton and\or Haber-Weiss reactions, which can subsequently attack DNA. Alternatively, it can lead to the formation of OHd radicals, which trigger a series of events that can activate nuclease enzymes that are capable of cleaving the DNA backbone. These two phenomena can act together in the cell. In these experiments, cells were exposed to 150 µM H # O # for 5 min at 4 mC, to be consistent with previous studies [24] .
When the comet assay was performed on exponentially growing cells (unsynchronized), the response of the three cell lines to both H # O # and MNNG showed statistically significant increases in the amount of degraded DNA in the treated cells compared with their corresponding controls (Table 2 ). However, there was a significantly lower proportion of degraded DNA in both MTMT and MTGSH cells compared with the CHO wild-type cells (P 0.001), and the MTMT cells showed significantly less DNA degradation (P 0.001) than the MTGSH cells.
Since MT is found in the nucleus in S-phase [11, 12, 14] , it was particularly important to assess DNA damage during this part of the cell cycle. When cells were synchronized in early S-phase, treatment with either MNNG or H # O # caused a significant increase in DNA damage (P 0.01) in each of the three cell lines compared with their respective synchronized controls (Table 2) . Also, there was a statistically significant lower proportion of degraded DNA in both MTMT cells and MTGSH cells compared with CHO wild-type cells (P 0.001); finally, MTMT cells exhibited less damage after exposure to stress than MTGSH cells (P 0.01).
Comparison of cells after exposure to MNNG and H # O # revealed that there was no statistical difference in the amount of DNA damage between unsynchronized and synchronized parental CHO cells. Similarly, there was no difference when unsynchronized and synchronized MTGSH cells were compared. However, there was a significant reduction using MNNG (P 0.001) and using H # O # (P 0.05) in DNA damage in synchronized MTMT cells compared with the unsynchronized cultures. These data indicate that the protective effect of MT-1 was most effective in S-phase.
Overall, these data suggest that MT can protect DNA from attack by free radicals, since both MTMT and MTGSH cells exhibited less damage than the CHO wild type. Moreover, comparison between the two transfected cell lines indicates that delocalization of MT leads to an increase in DNA damage. In the last part of these studies, we addressed whether these differences were reflected in the extent of apoptotic cell death.
Induction of apoptosis using UVC light and MNNG
CHO, MTMT and MTGSH cells were exposed to 20 J\m# UVC light and left to grow for up to 24 h before assessment of apoptosis by DNA fragmentation [22] . For up to 12 h after radiation of the cells, no DNA fragmentation could be seen in any of the four cell lines. However, after 16, 20 and 24 h incubation, all the cell lines exhibited ' laddering ' of their DNA. In every case, there was less fragmentation in the MTMT cell line compared with the other two cell lines. The average size difference between the DNA fragments constituting the ' ladder ' was approx. 180 bp (results not shown).
In further experiments, cells were exposed to 40 µM MNNG for 24 h and analysed for DNA fragmentation. No fragmentation of DNA could be seen in the untreated cells (Figure 3) . However, the MNNG-treated cells displayed ' laddering ' of their DNA under these stress conditions. The fragmentation pattern was consistent with the molecular mass expected (multimers of 180 bp) to result from the internucleosomal cleavage of DNA associated with apoptosis, indicating that after exposure of CHO untransfected and transfected cell lines to 40 µM MNNG for 24 h, cells were undergoing apoptosis. No clear-cut differences were seen between the ' ladders ' of CHO and MTGSH cells; however, MTMT cells possessed less fragmented DNA.
The extent of apoptosis was quantified in the different cell lines by measurement of the sub-G " peak in the DNA flow-cytometric profiles. The percentage of cells undergoing apoptosis in untreated populations was similar in all four cell lines (MTMT, MTGSH, CHO and IDIGSH) and was close to zero. However, all cell lines underwent apoptosis after exposure to UVC light (Table 3 ). There was significantly less apoptosis (P 0.01) in MTMT cells at 16 or 20 h after treatment with UVC than in the other cell lines (MTGSH, IDIGSH and the parental CHO cells). However, the number of apoptotic cells among MTGSH cells was significantly less (P 0.05) following the same treatment compared with CHO and IDIGSH cells. After exposure of the cells to 40 µM MNNG, there was statistically less apoptosis (P 0.01) in MTMT cells than in the three other cell lines. MTGSH cells again showed significantly less apoptosis (P 0.05) than both CHO and IDIGSH cell lines. There was no significant difference between CHO cells and IDIGSH cells in terms of the number of apoptotic cells following treatment with either UVC light or MNNG.
DISCUSSION
We have shown previously that perinuclear localization of MT-1 mRNA and its association with the cytoskeleton is a prerequisite for subsequent localization of the MT-1 protein within the cell. Furthermore, this prior localization of the mRNA is necessary for the redistribution of MT-1 protein into the nucleus during the early S-phase of the cell cycle [14] . The present data show that loss of MT-1 mRNA localization has a major functional impact, namely on cell susceptibility to stress, on protection of DNA from damage and on apoptosis.
Cytotoxicity studies showed that MTMT cells, expressing the native MT-1 gene, were more resistant to exposure to heavy metals and oxidants than the MTGSH cells, in which MT 3h-UTR had been replaced with that of glutathione peroxidase; these latter cells were themselves more resistant than both IDIGSH cells and parental CHO cells. These data show that increased expression of MT-1 was associated with increased protection against oxidants and cadmium, and, furthermore, this effect was significantly greater when the MT-1 mRNA was correctly targeted in the cell. Thus MT-1 mRNA localization and the subsequent MT-1 protein distribution [14] appear critical for the protein's function. Overall, the data support the hypothesis that MT-1 has an important role in protecting the cell against oxidative stress.
In order to relate these stress responses to a possible role of MT in the nucleus, DNA damage was assessed in both exponentially growing cells and cells synchronized at the early Sphase of their cell cycle. The MTMT cell line exhibited less DNA damage after exposure to oxidants and alkylating agent than the three other cell lines in both synchronized and unsynchronized cell populations. Since MT-1 is effectively redistributed to the nucleus in the MTMT cells, but not in MTGSH cells during Sphase, these data indicate that nuclear localized MT in the nucleus has a role to play in the nucleus in protection of DNA against damage. Likewise, there was an indication that MTMT cells were undergoing less apoptotic death after exposure to UVC light and alkylating agent than MTGSH, CHO and IDIGSH cells. Therefore MT-1 protein plays a role in protecting the cell against oxidative stress and DNA damage, and also influences apoptotic cell death. These results, combined with data obtained from the study on MT mRNA localization [14] , argue that a loss of MT-1 mRNA localization, and therefore a loss of protein localization, is accompanied by increased susceptibility to oxidative stress, DNA damage and apoptotic death, and they support the hypothesis that nuclear MT has an important role in protection of DNA [12] .
The reduced protection afforded by MT-1 in cells where it is not effectively redistributed into the nucleus suggests that nuclear MT-1 is important in protecting cells from oxidative stress. This hypothesis is supported by the observed increase in DNA damage and apoptosis in these cells. The importance of nuclear MT-1 is supported further by work performed on differentiating myotubes, which, unlike myoblasts, do not express MT in the nucleus and have been shown to be more sensitive to apoptosis than myoblasts [25] . However, previous work with cells transfected with a modified MT-1 gene construct so that the MT-1 is effectively only present in the nucleus [12] showed that, when MT-1 was exclusively nuclear, it provided no protection of the cell against radical oxygen species as a result of exposure to tbutyl hydroperoxide; in the case of the MT-null fibroblasts transfected with MT-1 featuring an added nuclear localization signal [12] , it is unlikely that there was shuttling of MT protein between nucleus and cytoplasm. In contrast, in the present work the protective effects of MT-1 are most effective in cells, which show the capacity to redistribute MT-1 into the nucleus. Taken together, the present work and the previous observations of Woo and Lazo [12] suggest that the protective role of MT-1 requires that the protein redistributes between nuclear and cytoplasmic compartments. The reason for this is unknown. However, it has recently been observed that the nuclear localization of MT-1 occurs simultaneously with an increase in zinc levels in the nucleus during the G " -to-S-phase transition of the cell cycle [26] . In view of the known metal-binding properties of MT-1, it is likely that the redistribution of MT-1 is associated with a need for zinc in the nucleus, and that this is one possible mechanism through which MT-1 could exert its protective effects.
In conclusion, the present data provide the first evidence that perinuclear mRNA localization has a functional role to play in the cell. Localization promotes nuclear MT-1 import [14] , which, in turn, is a prerequisite for protection of the cell against oxidative stress and DNA damage. Our hypothesis is that the localized synthesis of MT facilitates the transport of MT-1 between cytoplasm and nucleus, and that this is important for protecting the cell against oxidative stress, DNA damage and apoptotic cell death. Other proteins become localized in the nucleus in a cell-cycle-specific manner, but it is not known whether these events are also dependent on mRNA localization. Further research is required to determine whether mRNA localization plays a role in the nuclear import of these other proteins. However, several mRNAs coding for proteins that are imported into the nucleus after synthesis (transcription factors cMyc and c-Fos, ribosomal proteins) are found localized in the perinuclear cytoplasm and\or are associated with the cytoskeleton [9, 27, 28] ; furthermore, in the case of c-Myc and c-Fos mRNAs, this targeting is dependent on 3h-UTR sequences ( [6, 9] and G. Dalgleish, J.-L. Veyrune, J.-M. Blanchard and J. E. Hesketh, unpublished work). On the basis of such data, it is likely that the targeted, local synthesis of c-Myc and c-Fos is important for efficient import of the proteins into the nucleus throughout the cell cycle. Thus the targeting of mRNAs to provide perinuclear protein synthesis for subsequent protein import appears not to be unique for MT-1, but also occurs for several other nuclear proteins, including some key transcription factors. However, the generality of the mechanism remains to be determined. 
